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Abstract 
The Co3O4/CoO redox system has been recently proposed and is currently under consideration by several research groups as a 
promising thermochemical heat storage (THS) scheme to be coupled with high temperature Concentrated Solar Power plants. 
The present work is an investigation of cobalt oxide based honeycomb structures as candidate reactors/heat exchangers in 
relevant compact and efficient THS systems. The formulations studied included extruded bodies from pure cobalt oxide and two 
different cobalt oxide/alumina composites (i.e. 95/5 wt% and 90/10 wt%) as well as cobalt oxide-coated cordierite honeycombs 
with two different loadings (i.e. 28% and 65%). The structures were evaluated with respect to their redox performance in the 
course of 5 successive cycles in the temperature window of 800-1000oC and under air flow. Based on measured oxygen evolution 
profiles, honeycombs from pure cobalt oxide and cobalt oxide-coated cordierites exhibited very similar normalized (i.HȝPRO
O2/g Co3O4) redox performance. On the other hand, the addition of alumina had a moderately negative effect on normalized 
redox performance versus the two aforementioned formulations but contributed to the substantial increase of the honeycombs 
structural stability when compared to the extruded pure cobalt oxide monolith. The particular finding was based on performing, 
in a separate experimental setup, 10 redox cycles under idealized (i.e. no imposed loads) conditions. Pre- (i.e. fresh/calcined) and 
post-characterization (i.e. after 10 redox cycles) of extruded structures via mercury porosimetry revealed measurable decrease of 
bulk density and increase of mean pore size, indicating a net structure expansion/‘swelling’ effect. 
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1. Introduction 
The development of efficient and reliable storage systems is of prime importance for the implementation of future 
CSP plants, as it can provide the latter with the means to efficiently overcome the inherent challenges associated 
with the intermittent nature of solar energy. Thermal energy can be stored as sensible, latent or thermochemical heat 
[1]. Thermochemical Heat Storage (THS) is particularly attractive because of the in-principle high energy storage 
densities and the relatively low heat losses it can offer, thus providing compactness, indefinitely long storage 
duration at near ambient temperature (if required), heat-pumping capability and suitability for large scale 
applications. To this respect, an efficient means for solar heat storage is to utilize a pair of cyclic redox reactions of 
multivalent metal oxides [2]. According to such a scheme, the charging (heat storage) step is based on the reduction 
of the high-valence oxide at elevated temperatures. Subsequently, the discharge step (heat recovery) proceeds via 
oxidation of the low valence oxide. A prominent relevant example is mentioned below and refers to cobalt 
/cobaltous oxide (Co3O4/CoO) system: 
)900(/200),(5.0 243 CTmolkJHgOCoOOCo
o! 'o   (1) 
)900(/200,)(5.0 432 CTmolkJHOCogOCoO
o 'o   (2) 
A prominent advantage of the above cycle, particularly in comparison to other THS approaches, is that it can 
efficiently operate under air flow, meaning that there is no need for cyclic variation of the reaction atmosphere when 
shifting from storage to the energy release step and vice versa. Several parametric studies regarding the behavior and 
main characteristics of the aforementioned redox scheme upon (multi-)cyclic operation have been performed and 
published. Most of them refer to idealized TGA-like studies performed with powder formulations, nevertheless 
providing useful information on the effect of employed reduction and oxidation temperatures on intrinsic redox 
performance/kinetics [3] as well as on potential redox behavior modification and relevant phenomena associated 
with the introduction of certain additives/dopants into the cobalt oxide structure [4,5]. Other relevant works [6], also 
referring to cobalt oxide based powders, performed under more realistic conditions (i.e. in a rotating kiln directly 
irradiated by a solar furnace installation) revealed that, contrary to TGA studies, the reduction step did not proceed 
to full (or close to full) completion but was actually limited to conversions of about 50%. Based on oxygen 
measurements upon cyclic operation, the authors estimated that energy densities close to 400 J/g Co3O4 can be 
achieved. 
Capitalizing on the findings of our previous works [7,8] and in particular regarding the utilization of small cobalt 
oxide based structured bodies as efficient redox reactors/heat exchangers, the present study relates to the preparation 
and evaluation of cobalt oxide based monolithic honeycomb flow-through formulations. Those were either extruded 
from pure cobalt oxide or from two different cobalt oxide/alumina composites. An additional relevant approach 
involved commercially available flow-through cordierite honeycomb segments, coated with the same grade of 
Co3O4. All samples were tested in the course of successive redox cycles and were post-characterized with the aid of 
mercury porosimetry to provide explanations on notable differences identified, especially in terms of the extruded 
honeycombs thermo-mechanical stability. 
 
2. Experimental 
The extruded cobalt oxide and cobalt oxide/alumina honeycombs were prepared with the aid of a lab-scale piston 
extruder (ECT Type KP 80 A). The raw powders (cobalt oxide/Co3O4 from Beijing Cerametek Materials Co./purity 
ı99% and alumina/Į-Al2O3 from READE Advanced Materials/purity >99.5%) were thoroughly mixed with certain 
amounts of binder and water in a dedicated laboratory Z-blade mixing device (Winkworth Group MZ3-3). The 
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mixture was extruded through a 28.5 mm diameter die (ZMB BRAUN) with a nominal channel density of 85 cells 
per square inch (cpsi) and channel size/wall thickness dimensions of 2.3 mm and 0.45 mm respectively. The 
extruded green bodies were dried overnight under ambient air flow and subsequently calcined under air atmosphere 
at 800oC for 2 hours. The final calcined extruded honeycombs had a diameter of approximately 30 mm and cell 
density of 82 cpsi, while their average channel size and wall thickness were measured at 2.13 mm and 0.67 mm 
respectively. The mass of the final calcined bodies, which had a length of approximately 28 mm, was in the range of 
14.0-14.8 g. The cordierite segments had a diameter of 1-inch (cut from large 200 cpsi segments acquired from 
Corning Inc.), channel size of 1.46 mm, wall thickness of 0.32 mm and a height of approximately 25 mm. The 
particular honeycombs were coated with cobalt oxide via the slurry coating technique, according to a procedure 
similar to the one described by Giaconia et al. [9]. The final loadings achieved (i.e. mass of coated Co3O4/mass of 
clean cordierite) were measured at 28 wt% and 65 wt%. The particular percentages corresponded to total mass of 
cobalt oxide on the final coated segments that amounted to 1.3 g and 2.9 g respectively. The calcination protocol of 
coated monoliths was identical to the one employed for the extruded structures. Fig. 1 shows indicative photographs 
of honeycombs after their calcination (hereafter referred to as fresh). 
 
Fig. 1. (a) Photographs of fresh (calcined) honeycombs: (a) extruded Co3O4 100 wt%; (b) extruded Co3O4/Al2O3 95/5 wt%; (c) extruded 
Co3O4/Al2O3 90/10 wt%; (d) Co3O4-coated cordierite segment (loading 65%). 
The experimental evaluation of the redox/THS performance of fresh honeycombs was performed with the aid of a 
dedicated experimental setup. The samples were placed inside an alumina tube (inner diameter of 31mm) and were 
supported by a quartz wool layer, firmly fixed downstream of the samples. All details of the setup employed, 
relevant precautions taken and reaction conditions applied (e.g. heating/cooling rate 15oC, duration of high-
temperature and low-temperature isothermal steps equal to 15min, air flow 2 l·min-1 (std) etc.) have already been 
provided in previous works [5,6]. Tests involved successive redox cycles and the recorded average amounts of O2 
released/consumed were used for the estimation of maximum THS capacity per unit mass of cobalt oxide in the 
sample (i.e. normalized performance). More specifically, the relevant calculations were performed according to the 
following simplified formula: 
imummaxreleased,2Omeasuredreleased,2OToxidation@reactionreleased n/nHE '  (3) 
ZKHUH ǻǾreaction@Toxidation refers to the enthalpy of exothermic reaction at the temperature where oxidation was 
performed (here the temperature of 800o&LVFRQVLGHUHGDQGWKXVǻǾreaction@Toxidation = 798 J/g), nO2,released-measured is the 
experimentally measured cumulative amount of oxygen moles released upon reduction (i.e. whole duration of the 
particular step) and nO2,released-maximum is the cumulative (theoretical) amount of oxygen corresponding to full cobalt 
oxide reduction to cobaltous oxide (i.e. ȝPROJ&R3O4). 
The evaluation of thermo-mechanical stability of the extruded honeycombs upon redox cycling was performed 
under zero load conditions. Details on more realistic results obtained from extruded honeycombs, essentially 
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identical to the ones employed here, under variable load conditions upon redox cycling can be found in a work by 
Tescari et al [10]. The bodies were put into refractory crucibles, which were afterwards placed into an electrically 
heated furnace and under continuous air flow. In all cases, the samples were subjected to 10 redox cycles (800-
1000oC) and under identical conditions to the ones employed in the redox performance evaluation experiments. 
Subsequently, the honeycombs (hereinafter stated as used) were subjected to visual inspection. It is noted that the 
evaluation of thermo-mechanical stability of the extruded honeycombs independently from the redox performance 
assessment tests was considered necessary, due to the fact that the latter experiments often involved ‘violent’ 
removal of tested segments from the alumina tube, which typically caused destruction of the samples. The porosity 
of selected fresh and used extruded honeycombs was measured with the aid of a mercury porosimeter 
(Micromeritics, AutoPore IV 9500), which had the ability to measure pore sizes in the range of 10 nm – 338 μm. X-
Ray Diffraction (XRD) analysis of selected samples was performed with the aid of a Siemens D-500 Kristalloflex X-
ray powder diffractometer (Cu Ka radiation). 
 
3. Results and discussion 
The plots in Fig. 2 below show oxygen evolution profiles as obtained from 5 different monolithic structures 
evaluated under air flow (2 l·min-1 (std)) and at the temperature range of 800-1000oC (air flow temperature as 
measured just upstream of the bodies), in the course of 5 consecutive redox cycles. 
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Fig. 2. 5-cycle thermochemical redox evaluation of (a) pure Co3O4 extruded monolith; (b) Co3O4/Al2O3 95/5 wt% extruded monolith; (c) 
Co3O4/Al2O3 90/10 wt% extruded monolith; (d) Co3O4-coated cordierite (65%); (e) Co3O4-coated cordierite (28%). 
Evidently, there is very good-cycle-to-cycle repeatability for both extruded and cobalt oxide coated cordierite 
structures. In the case of the cobalt oxide/alumina composite honeycombs, a slight-to-moderate redox performance 
deactivation was observed during the first 2 cycles. This phenomenon was clearly more profound for the case of the 
90/10 wt% composite. This is attributed to the interaction of the two solid compounds to form a cobalt aluminate 
spinel phase (general formula: CoAl2O4), which is redox inactive under the conditions employed here. As reported in 
a recent study of the present authors [8], the initial calcination of similar bodies, even when performed at 
1000oC/2hrs rather than 800oC employed here, is not adequate to lead to the completion of the relevant solid state 
reactions that are naturally completed within the course of the first few redox cycles. Relevant analysis referring to 
the proof of the occurrence of such interactions as well as details related to the envisaged general mechanism of their 
impact to the redox performance of free cobalt oxide in the final composite body are also provided in that particular 
work. 
Regarding the cobalt oxide coated cordierite honeycombs, their normalized (i.e. per unit mass of Co3O4) 
redox/estimated THS performance was very close to the one of pure Co3O4 extruded monolith, meaning that no 
significant redox material-substrate interactions took place. In order to verify this, the two samples were subjected to 
XRD post-analysis after their redox performance evaluation. The relevant XRD patterns are comparatively provided 
in Fig. 3 and it is clear that in both cases no other-than Co3O4 and cordierite (Mg2Al4Si5O18) phases were detected. In 
the case of the cordierite with the higher cobalt oxide loading, a somewhat lower redox performance was recorded 
(Table 1), thereby indicating a moderate under-utilization of the redox active phase possibly due to oxygen transport 
limitation phenomena. It is also possible that, at least to some extent, this observation could be attributed to limited 
entrainment of the coating upon sample exposure to reaction conditions. However, sample post-weighing was not 
performed in this case and therefore the precise reasons for the occurrence of such a phenomenon remain to be 
investigated in the near future. On the other hand, the substantially lower intensity of the oxygen evolution profiles 
in the latter case c.f. the extruded bodies indicate that a reactor comprising entirely of coated cordierite structures 
would need appreciable higher volumes to achieve the same THS capacity. More specifically, a reactor/heat 
exchanger assembly of coated cordierites with an average loading of 68% would need approximately 3.5 times the 
volume of a similar unit assembled entirely from extruded cobalt oxide/alumina 90/10 wt% composite honeycombs. 
An overview of the normalized redox behavior and the estimated respective maximum THS capacity of the 5 
segments assessed, based on equation (3), is provided in Table 1. It is noted that due to the observed instabilities of 
the alumina-containing extruded honeycombs during the first two redox cycles, reported and analyzed earlier in the 
text, the relevant values for those two compositions were calculated based only on cycles number 3, 4 and 5. 
Interestingly, there is very good agreement between the measured normalized redox performance of pure cobalt 
oxide and cobalt oxide/alumina 90/10 wt% compositions studied here (i.e. honeycomb formulations) with the 
respective ones of flow through perforated structures (dense pellets) evaluated in a previous relevant study [8]. 
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Regarding the average time required for the redox reactions to reach completion for the case of pure cobalt oxide 
honeycomb (Table 1), those were measured to be clearly shorter as compared to the corresponding values reported 
for the respective flow through pellet. The difference in absolute numbers (i.e. 14.0 min / 16.4 min for the 
honeycomb vs. 16.0 min / 20 min for the pellet) becomes even more pronounced if the higher mass of the 
honeycomb is taken into account (i.e. 14 g for the honeycomb vs. approximately 10 g for the pellet), indicating that 
the structure of the honeycomb is substantially more efficient from a redox reactions kinetics point-of-view. Another 
interesting observation, when comparing the required average reduction/oxidation durations of extruded 
honeycombs as stated in Table 1, refers to the fact that although the addition of low amounts of alumina initially had 
a negative effect on redox reaction kinetics (i.e. 95/5 wt% composite), its further increase (i.e. to 90/10 wt%) 
facilitated the somewhat faster reduction and oxidation of cobalt oxide. With respect to coated cordierites, the 
substantially lower durations of the redox reaction steps could be attributed solely to their significantly lower cobalt 
oxide content c.f. the extruded bodies (i.e. approximately 5-10 times less for a given volume). Although it is 
naturally expected that the direct contact of the redox active material with inert cordierite may have some (limited) 
impact on redox kinetics, the (already above commented) notably different volumetric densities of cobalt oxide 
between the two formulations does not facilitate immediate relevant safe comparison. 
With respect to reduction/oxidation steps (occurring upon samples heating/cooling respectively) onset 
temperatures and based on detailed analysis of the combined oxygen evolution and temperature profiles shown in 
Fig. 2, measurable differences were identified between pure cobalt oxide and cobalt oxide/alumina cases. More 
specifically, the first signs of reduction for the former case were determined at about 905oC while for the two 
composite extruded bodies the respective temperature was approximately 915oC. The difference was more profound 
when referring to the oxidation step, as the pure cobalt oxide honeycomb begun to oxidize at around 875oC but the 
two cobalt oxide/alumina composite monoliths did not show signs of re-oxidation before temperature reached 905oC. 
Thus, the addition of alumina resulted to an appreciable narrowing of the start-of-oxidation – start-of-reduction 
WHPSHUDWXUH ZLQGRZ LH ǻ7reduction-oxidation was decreased from approximately 30oC to about 10oC). On the other 
hand, no clear differences were identified upon comparison of the pure cobalt oxide extruded honeycomb with the 
cobalt oxide coated cordierites (i.e. no apparent effect of the inert substrate), while for the case of the two 
composites the increase of alumina content from 5 wt% to 10 wt% also seemed to have no measurable impact on 
redox onset temperatures. 
   Table 1. Overview of the five cobalt oxide based compositions redox evaluation studies. 
Composition Average O2 released/ 
consumed per cycle 
ȝPROJ&R3O4 / % 
theoretical) 




energy release / 
oxidation step (J/g 
Co3O4) 
100 wt% Co3O4 honeycomb 1465 / 69% 14.0 / 16.4 549 
95/5 wt%-Co3O4/Al2O3 honeycomb 1342 / 65%  
(cycles #3-5 only) 
15.7 / 18.6 513 
90/10 wt%-Co3O4/Al2O3 honeycomb 1050 / 51%  
(cycles #3-5 only) 
12.2 / 14.5 400 
29 wt% Co3O4-coated cordierite honeycomb 1410 / 68% 5.5 / 6.0 539 
65 wt% Co3O4-coated cordierite honeycomb 1246 / 60% 7.1 / 8.0 476 
 
Regarding the thermo-mechanical macro-structural stability of the extruded bodies, this was notably better for the 
case of mixed compositions (and in particular for the case of the 90/10 wt% body) c.f. the one prepared from pure 
Co3O4, as revealed by the relevant photographs of used (i.e. after 10 redox cycles) bodies provided in Fig. 4. 
Evidently, the formation of the mixed/redox-inactive spinel phase acts as an efficient stabilizer of the redox body 
macro-structure, at least in the course of the 10 redox cycles performed. This has already been reported previously 
[8] for the case of substantially denser perforated bodies (flow-through pellets), which were by-design more robust. 
The validity of this effect also for the case of much more ‘delicate’ honeycomb formulations is of prime importance, 
as such multi-channeled/thin wall configurations can ensure increased gas-solid contact area thereby being capable 
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of in-principle superior heat exchange characteristics and, as already implied earlier in the text, better redox 
reactions kinetics. Taking also into account the favorable backpressure characteristics of such honeycombs (i.e. 
relatively low vs. much denser/low cell density bodies as well as vs. powder formulations), their suitability for 
relevant future THS applications is further enhanced. 
 
 
Fig. 3. Comparative XRD patterns of the two cobalt oxide coated cordierite samples after their redox performance assessment. 
 
Fig. 4. Photographs of extruded honeycombs after 10 redox cycles: (a) Co3O4 100 wt%; (b) Co3O4/Al2O3 95/5 wt%; (c) Co3O4/Al2O3 90/10 wt%. 
The used extruded honeycombs were post-analysed by mercury porosimetry and the results obtained were 
compared with the respective ones referring to fresh bodies. From presented in Fig. 5 provides comparative pore size 
distribution profiles while in Table 2 additional quantitative parameters of interest, as obtained from the particular 
 C. Pagkoura et al. /  Energy Procedia  69 ( 2015 )  978 – 987 985
analysis, are summarized. An immediate observation refers to the changes in the peaks of pore size distribution 
which in all used samples cases, were shifted to higher values c.f. fresh segments (Fig. 5a through 5c). However, the 
relevant shift was clearly mitigated upon the addition of alumina and more specifically, as the amount of alumina 
increased, the pore size distribution curves of used bodies remained closer to the respective ones of fresh 
honeycombs. This is strong indication that cobalt oxide/alumina composites exhibited a less pronounced net 
expansion structure/‘swelling’ effect upon redox cycling, which in turn can be translated as the main reason for their 
better macro-structural thermo-mechanical stability, in accordance to the images provided in Fig. 4. On the other 
hand, when comparing the three fresh samples (Fig. 5d), the addition of 5 wt% alumina shifted pore size distribution 
to lower values but further increase of the dopant concentration (i.e. to 10 wt%) did not reveal any additional 
relevant effect. The only difference observed in the latter case was a slight narrowing of the pore size distribution. 
With respect to relevant comparisons of the absolute values achieved from the Hg-porosimetry measurements (i.e. 
Table 2), a significant decrease of bulk density was identified for the case pure cobalt oxide sample when comparing 
the fresh with the used segment (i.e. > 22 % change). The same trend was determined for the other two 
compositions, however –in line with the above mentioned observations– the addition of alumina clearly mitigated 
this phenomenon. More specifically, measured changes in bulk densities of the cobalt oxide/alumina 95/5 and 90/10 
wt% compositions were 15 % and 10 % respectively. Regarding measured mean pore sizes, there is a systematic 
increase in the average pore size upon comparison of all used with the respective fresh samples, however this change 
is substantially lower for the 90/10 wt% composition (i.e. close to 74% c.f. about 120% for the other two bodies). 
 Table 2. Overview of porosimetry measurements (main parameters of interest) for fresh and used extruded honeycombs. 
Composition Bulk density (g/cm3) 
Fresh / Used 
Total porosity (%) 
Fresh / Used 
$YHUDJHSRUHVL]HȝP 
Fresh / Used 
Co3O4 flow-through honeycomb 2.34 / 1.82 56.8 / 54.5 1.36 / 3.08 
95/5-Co3O4/Al2O3 flow-through honeycomb 2.61 / 2.23 53.8 / 54.4 0.43 / 0.95 
90/10-Co3O4/Al2O3 flow-through honeycomb 2.49 / 2.22 54.5 / 61.3 0.43 / 0.75 
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Fig. 5. Pore size distribution of extruded segments studied (a) fresh vs. used Co3O4 100 wt%; (b) fresh vs. used Co3O4/Al2O3 95/5 wt%; (c) fresh 
vs. used Co3O4/Al2O3 90/10 wt%; (d) fresh Co3O4 100 wt% vs. fresh Co3O4/Al2O3 95/5 wt%. 
Finally, the fresh and used extruded bodies were subjected to XRD analysis (patterns not shown here for brevity). 
For the case of pure cobalt oxide extruded honeycomb, it was found that in both cases the only phase detected was 
Co3O4. In the case of the two composite bodies limited – albeit XRD detectable – amounts of Al2O3 were identified 
in the fresh samples, while the respective XRD patterns after 10 redox cycles were characteristic of a purely spinel 
structure (i.e. presence of Co3O4 and CoAl2O4). This finding further confirmed the above mentioned claim for the 
gradual formation of cobalt aluminate upon redox cycling. Regarding mean crystallite sizes (Co3O4 phase only) of 
fresh and used segments, those were calculated with the aid of the Scherrer formula and were determined at 75 nm 
and 66 nm respectively for the case of pure cobalt oxide extruded body. A similar trend was identified for the cobalt 
oxide/alumina 90/10 composite honeycomb (i.e. 67 nm for the fresh and 55 nm for the used segment) as well as for 
the cobalt oxide coating of cordierite-based formulations, for which – as expected – the corresponding sizes were 
essentially the same with the case of pure Co3O4 extruded monolith. This, low-to-moderate but systematically 
measured, decrease in cobalt oxide mean crystallite size is most likely attributed to the occurrence of the cyclic 
phase changes upon samples evaluation. 
 Although the bodies studied here were not subjected to Scanning Electron Microscopy (SEM) analysis, previous 
relevant findings [8] indicated the presence of limited sintering phenomena after 10 redox cycles. In any case, based 
on results presented here and in other relevant past studies [3,5], the potential occurrence of such phenomena are not 
likely to play a significant role in the cycle-to-cycle redox performance of cobalt oxide. This mild sintering can 
actually be considered as the net effect of the competition between the natural aggregation of particles due to the 
relatively high temperatures employed (up to 1000oC) and to Co3O4 crystallites fragmentation (discussed above) 
upon redox cycling. Evidently, the latter phenomenon is sufficient to prevent extensive sintering, as one would 
normally expect to identify. Additional future XRD and SEM post-analysis of bodies, subjected to several tens or 
even hundreds of cycles, are expected to shed more light on such important structural and morphological aspects. 
 
4. Conclusions 
The present study addresses, for the first time, the challenge of preparing extruded cobalt oxide based 
compositions in honeycomb formulations and their subsequent utilization as active redox reactors/heat exchangers 
for THS applications. Through this study, it is made evident that the addition of relatively small amounts of alumina, 
despite the low-to-moderate adverse effect on normalized redox performance c.f. pure cobalt oxide, can be an 
efficient means of overcoming the detrimental-to-macrostructural stability effects of repeated phase changes 
occurring, at least in the course of up to 10 redox cycles. The formation of the mixed phase (i.e. cobalt aluminate) in 
the extruded honeycomb functions as a structure-stabilizing agent and this is also supported by relevant mercury 
porosimetry measurements performed on fresh and used samples. On the other hand, the alternative of employing 
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inert honeycomb substrates coated with the redox active cobalt oxide could be an in-principle viable 
solution/fallback option, as normalized redox activity of pure cobalt oxide is essentially maintained, although a slight 
underutilization of the active coating was identified at higher cobalt oxide loadings. Naturally, the presence of the 
inert substrate decreases the maximum volumetric energy density substantially as compared to the case of extruded 
bodies, since in the latter case significantly higher amount of cobalt oxide in a given reactor volume can be achieved. 
Future studies will focus on multi-cyclic (i.e. > 100 cycles) performance/structural stability assessment of cobalt 
oxide based honeycomb structures as well as semi-quantification of heat effects (i.e. transfer of heat to or from the 
redox active body, from or to the air flowing through it respectively) in the course of the reduction-oxidation 
reaction steps. Such studies will further define the feasibility of using monolithic/honeycomb redox reactors/heat 
exchangers as building blocks of relevant THS systems for future high temperature CSP installations. 
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